The nature of virulence in Shigella is only partially understood. Perhaps the difficulty in understanding what causes virulence is that investigators tend to look for only one characteristic present in virulent strains which is lacking in avirulent ones. It is much more likely that a whole spectrum of characteristics is necessary for an organism to be viriulent. Certain combinations of these characteristics result in the ability of the organisms to survive in the host, multiply, and cause disease. These combinations may vary in virulent strains of the same pathogenic species.
From the laboratory of S. Formal, we were fortunate to have available to us Shigella strains which vary in their ability to produce disease. The virulent strain of Shigella flexneri 2a, M-42-43, is able to penetrate host cells and cause an infection (12) . Intergeneric hybrid strains, including strain X-16, the progeny of an Escherichia coli-S. flexneri mating, selected for xylose fermentation, could penetrate host cells but caused only abortive infections (11) .
A spontaneous mutant of virulent M-42-43, strain 24570, which could not penetrate into host cells (17) was included in the studies. We have already reported that these organisms differed in their response to the surface-active agent, sodium lauryl sulfate (5) , and that the hybrid, in contrast to its virulent parent, has relaxed control of ribonucleic acid (RNA) synthesis (23) . The present paper deals with a defect in the methionine metabolism of the hybrid, a difference which was first observed when a comparison was made of growth rates of strain M-42-43 and the hybrid under different conditions. The hybrid was found to have a longer lag period. This is due in part to a defect found in the metA gene of the hybrid. This defect, together with the hybrid's relaxed synthesis of RNA, may be the particular combination of characteristics which cause this strain to grow poorly in the host and to produce an abortive infection. glucose medium is as previously described (5) . In vitro growth studies were performed as described earlier (23) . Reversion of metA strain W-1895 with N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) was carried out essentially by the method of Adelberg et al. (1) . Transduction experiments were carried out as previously described by using phage P1 vir (5).
RESULTS
S. flexneri 2a strain M-42-43 produces a fatal infection in starved, opium-treated guinea pigs (12) . Strain X-16, which is the hybrid progeny of E. coli K-12 strain W-1895 and strain M-42-43, produces only an abortive infection (11) . Both strains grow equally well in vitro in brain heart infusion broth. However, viable -counts of the strains in the guinea pig small intestine showed that, although the hybrid strain survived for 8 hr past challenge, by 24 hr the number of viable hybrid cells was considerably reduced. The virulent strain maintained its population over the 24-hr period (11) . Since the hybrid exhibited a lag before a normal growth rate occurred in brain heart infusion broth, we postulated that it might have some metabolic defect which would put it at a disadvantage in a less favorable nutritional environment. We have previously demonstrated that the hybrid has inherited relaxed control of RNA synthesis from its E. coli parent, strain W-1895 (23) .
Because it seemed reasonable to assume that some metabolic defect might explain the reduced ability of the hybrid strain to be maintained in vivo, the growth of the hybrid strain and its parent strains was examined in minimal media. In Fig. 1 the growth in minimal glucose liquid medium of the hybrid strain, X- 16, is compared with that of its Shigella parent, strain M-42-43, and its E. coli parent, W-1895. Strain M-42-43 has a short lag phase and a generation time of 1.1 hr in log phase. The lag phases of both strains X-16 and W-1895 are of over 3 hr duration (ranging as high as 6 hr), and during log phase their generation times are 1.65 and 2 hr, respectively. The growth in minimal glucose of hybrid strains X-13 and X-19 was found to be similar to that of X-16. These hybrids, too, are progeny of E. coli strain W-1895 and virulent S. flexneri strains (10) . Strain X-13 is the progeny of E. coli W-1895 and virulent S. flexneri lb strain 1-Z, and strain X-19 is the progeny of E. coli W-1895 and virulent S. flexneri 3 strain J-17B. In addition, when grown on minimal glucose agar plates, M-42-43 produces large colonies, whereas X-16 grows as small colonies. The hybrid strains in minimal medium have growth characteristics resembling those of their E. coli parent, i.e., a long lag phase and a slow growth rate. The hybrids differ from strain W-1895 in that they can grow in the absence of methionine.
Yeast extract and Casamino Acids when added to minimal glucose acted as growth stimulants for strain X-16. A charcoal-filtered yeast extract was found to be stimulatory as well, showing that the charcoal-adsorbed portion, which contains aromatic compounds and nucleic acid bases, was not the active portion.
Because Casamino Acids were stimulatory, pools of amino acids were tested. Methionine, in a concentration of 20 ,g/ml, was found to increase the growth rates of the hybrid strains ( Table 2 ). The effect of methionine was to reduce the length of the lag phase of the hybrid strains and, while the growth rate in log phase might be the same as the rate in minimal glucose, the net effect would be a higher population at 6 hr in the methionine-supplemented culture. No other amino acid tested was as effective as methionine.
The intermediates of the methionine biosynthetic pathway (Fig. 2) were tested for their ability to stimulate growth of strain X-16 in minimal glucose, and this hybrid was used in all subsequent experiments. The observation that methionine allowed normal growth suggested some defect in the ability of the hybrid to synthesize this amino acid. As can be seen (Fig. 3) , homocysteine was as effective as methionine in stimulating growth, and cystathionine increased growth somewhat. Addition of homoserine and cysteine did not increase the growth over that in minimal glucose.
The E. coli parent of the hybrid, strain W-1895, has a point mutation in its metA gene so that it is unable to synthesize O-succinyl homoserine from homoserine and succinate. This organism has, therefore, an absolute require- phage P1-mediated transduction, with methionine-positive E. coli strain 1485 as donor, and selection for transductants able to grow on minimal glucose. Transduction was also carried out with parent S. flexneri strain M-42-43 and hybrid strain X-16 as donors and W-1895 as recipient. Selection was again for transductants able to grow on methionine-unsupplemented minimal glucose. Table 3 compares generation times of a number of these organisms with and without methionine present. The generation times of S. flexneri strain M-42-43, the W-1895 revertant, and the transductant which received its metA region from wildtype strain 1485 are only slightly decreased upon the addition of methionine. This would seem to rule out methionine as merely a nonspecific stimulant of growth in the hybrid strains. Of the W-1895 transductants tested that do not require methionine, 25 (40%) of those receiving genetic material from strain X-16 had significantly higher generation times when methionine was absent from the medium. This observation indicates that the hybrid had donated to these 25 E. coli recipients the defective region of its metA gene. The fact that 38 (60%) of the transductants could grow at normal rates without added methionine suggests that the defect in the metA gene of strain X-16 is in a different locus on the gene from the point mutation in strain W-1895, and that a corrective recombination had taken place. If the defect in strain X-16 and the point mutation in strain W-1895 were at the same locus, all X-16 x W-1895 transductants able to synthesize methionine would necessarily have at best a defective metA gene. For the metA gene to function, the area of the lesion in strain W-1895 would have had to be replaced by X-16 deoxyribonucleic acid (DNA). The 25 transductants that respond to methionine have incorporated a large enough segment of the metA gene from strain X-16 to correct the point mutation, but retain the defect of the hybrid. In contrast, the 38 transductants that grow well without added methionine have incorporated enough DNA to replace the point mutation, but have not incorporated the defective, or hybrid, metA region. The defective phenotype was seen much less often with strain M-42-43 as donor than with the hybrid as donor. After transduction of strain W-1895 with strain M-42-43, 4 (13%) of those transductants able to grow without methionine had significantly higher generation times when methionine was absent from the medium. These data indicate that it is possible by transduction to create metA regions which are as defective in function as the metA region of strain X-16, which was obtained by mating.
Cultures of strain X-16 and its parent strains were grown in minimal medium at 28, 37, and 42 C (Table 4) in an attempt to determine whether the inefficient methionine synthesis of the hybrid might be caused by an altered homoserine O-transsuccinylase which was affected adversely by high temperatures. It has been reported recently that a number of E. coli strains grow poorly at elevated temperatures due to decreased activity at those temperatures of homoserine transsuccinylase (22) . If it were indeed temperature-sensitive, the enzyme should function less efficiently at 42 C. All of the strains grew best at 37 C; the adverse effect of higher or lower temperatures was not more pronounced on the hybrid than on the parent strains.
An S. flexneri lb strain (1Z) which requires cysteine, and a cysteine-requiring mutant of the hybrid (X-16 Cysi), can grow if methionine is present (Table 5 ). This suggests either that, in S. flexneri, the methionine pathway is reversible, or that an unknown pathway is available for the formation of cysteine from methionine. It has been shown that, in E. coli W and Salmonella typhimurium, transsulfuration in methionine synthesis is irreversible Table 2 plus 20 tsg of cysteine or methionine per ml when indicated.
(6), with sulfur being transferred only in the direction: cysteine -cystathionine -homocysteine (Fig. 3) . E. coli, however, is evidently able to transfer sulfur slowly from methionine to cysteine by some other path, since E. coli W strains can grow with methionine as the sole source of sulfur. Some cysteineless mutants of S. typhimurium (7) and E. coli (18) can grow on methionine. Grabow and Smit (13) postulate that transsulfuration is probably reversible in Proteus mirabilis, as all their cysteine-requiring mutants respond to methionine. DISCUSSION The results indicate that the E. coli-Shigella hybrid, strain X-16, has a reduced ability to synthesize methionine. This and other characteristics which the hybrid inherited from its E. coli parent, strain W-1895, i.e., defective control of RNA synthesis (23) and increased sensitivity to a surface-active agent, sodium lauryl sulfate (5), may adversely affect the hybrid's survival in vivo and contribute to its lowered virulence.
We postulate that the hybrid's inefficient methionine synthesis may be due to a hybrid metA gene, composed partly of DNA from its E. coli parent, strain W-1895, and partly of DNA from its Shigella parent, strain M-42-43. Strain W-1895 has a point mutation in its metA gene (Fig. 2) and cannot synthesize its own methionine. The addition of cystathionine, homocysteine, or methionine, but not homoserine and cysteine, will support the growth of W-1895. The Shigella parent, strain M-42-43, can synthesize its own methionine. The hybrid, X-16, produces enough methionine to grow, but more slowly than strain M-42-43. Its growth in minimal medium is faster when methionine, homocysteine, or cystathionine is added (Fig. 3) . It does not respond to homoserine and cysteine. Evidently, strain X-16, like strain W-1895, has a defect in its metA gene. But, in the case of the hybrid, the defect does not result in complete methionine auxotrophy; strain X-16 is "leaky," able to synthesize methionine, but inefficiently.
If, indeed, this inefficient synthesis is due to a hybrid gene, how can such a hybrid gene have been formed? Strain X-16 is the hybrid progeny of an intergeneric mating between an E. coli HfrC strain (W-1895) and an S. flexneri strain (M-42-43) (11) . Gross homology has been demonstrated between the chromosomes of E. coli and Shigella (9, 19) . Strain X-16, which was selected for ability to ferment xylose, has incorporated many other E. coli markers, including the ability to ferment arabinose, rhamnose, and maltose (10) , despite the fact that the linked transfer of E. coli material to Shigella has been observed only occasionally (8) . S. flexneri has been shown to restrict E. coli DNA. Host-controlled restriction may inhibit both the formation of genetic recombinants and the joint integration of linked markers. The question now arises whether strain X-16 has incorporated the W-1895 metA gene (or some of it, at any rate) or whether it is merely diploid for the metA region. The recipient (M-42-43) chromosome has a wild-type metA gene; the donor gene is a negative allele, unable to carry out its function. Baron (2) states that when the donor (E. coli) chromosome bears a mutant allele, such as, for example, the inability to synthesize methionine (met), and the recipient (Shigella) chromosome carries the wild-type allele (met+), then formation of met Shigella hybrids is an indication of haploidy and, therefore, integration of the met gene. In the diploid state the wild-type (met+) Shigella allele would be expressed. Although X-16 does not have a mutant allele (met), but rather what might be termed a met-, the analogy still holds, for, if it were a diploid with both the E. coli gene and the Shigella gene present, it would have a met+ phenotype. The frequency of crossover within the metA gene might be explained by localized homologous regions enabling crossover at this point. Portions which did not integrate could have had quite a bit less genetic homology with the Shigella DNA and so would have paired poorly with the recipient DNA. Luria and Burrous (19) cite poor pairing as underlying the low frequency of integration of E. coli genes into Shigella, although this theory was put forth before the restriction phenomenon was adequately described. It has been shown by studies of E. In relaxed methionineless strains of E. coli, the ribosomal and transfer RNA that accumulates during methionine starvation is methyldeficient (3, 20) , because of the lack of S-adenosylmethionine, the methyl donor. Methyldeficient transfer RNA also accumulates in some methionine auxotrophs of the yeast Saccharomyces cerevisiae when they are starved for methionine (16) . The S-adenosylmethionine supply of the methionine-starved S. cerevisiae is consumed via demethylation yielding Sadenosylhomocysteine, which is a potent inhibitor of transfer RNA methylating enzymes in vitro (15) . In the absence of exogenous methionine, the hybrid might be so delayed in synthesizing methionine that it would accumulate a large store of nonfunctioning submethylated ribosomal and transfer RNA.
